1. Introduction
===============

Fungi are key resources for exploiting bioactive metabolites \[[@B1-molecules-17-01103],[@B2-molecules-17-01103]\]. Among fungi, endophytes are important to screen biologically active metabolites \[[@B3-molecules-17-01103]\]. Endophytic fungi inhabit within their host-plant without causing any disease symptoms \[[@B3-molecules-17-01103]\]. In endophyte-host symbioses, secondary metabolites produced by endophytes contribute positively to their host \[[@B4-molecules-17-01103]\]. Diverse classes of chemical substances like steroids, xanthones, phenols, isocoumarines, perylene derivatives, quinones, furandiones, terpenoids, depsipeptides and cytochalasines have been isolated from endophytic fungi \[[@B3-molecules-17-01103],[@B4-molecules-17-01103],[@B5-molecules-17-01103]\]. Such substances are synthesized through polyketide pathway from mevalonate-derived C5 units and (or) using the non-ribosomal protein synthesis. A literature survey reveals that the number of novel chemical structures produced by endophytes (51%) is significantly higher than the soil fungus (38%), suggesting that these frequently overlooked endophytes are the novel source of bioactive secondary metabolites \[[@B3-molecules-17-01103],[@B4-molecules-17-01103],[@B5-molecules-17-01103]\].

Furthermore, each plant species has its ecological niche \[[@B6-molecules-17-01103],[@B7-molecules-17-01103]\], which can, either positively or negatively, regulate the growth of neighbouring plants by creating resource competition. Since, agricultural practices are the major food source for human; therefore, removing the unwanted resource competitors or weeds from crop fields is an ideal strategy for sustainable agriculture production \[[@B8-molecules-17-01103],[@B9-molecules-17-01103],[@B10-molecules-17-01103],[@B11-molecules-17-01103]\]. The use of synthetic agrochemicals and herbicides to remove weed species is widespread and known to have devastating impacts on the agriculture and overall environment \[[@B12-molecules-17-01103]\]. Thus, using the natural processes to improve quantity and quality of agronomics can develop the prolonged food production system \[[@B3-molecules-17-01103],[@B4-molecules-17-01103],[@B11-molecules-17-01103]\]. Fungi in general and endophytes in particular have become an interesting natural resource for exploring bioactive substances, which can be helpful to eradicate weeds by secreting allelochemicals \[[@B6-molecules-17-01103],[@B7-molecules-17-01103],[@B8-molecules-17-01103],[@B9-molecules-17-01103],[@B10-molecules-17-01103]\]. In the present work, we isolated endophytic fungal strains from the roots of the *Capsicum annuum, Cucumis sativus* and *Glycine max*. To assess the bioactivity, the isolated strains were screened on a dwarf phenotype of *Oryza sativa*---*Waito-C* and a normal rice Dongjin-byeo. The bioactive fungus was revealed after screening and was subjected to column chromatographic techniques, nuclear magnetic resonance (NMR) and GC/MS analysis to isolate and characterize the lettuce (*Lactuca sativa*) and weed (*Echinochloa crus-galli*) seeds inhibitory compound.

2. Results and Discussion
=========================

We isolated five endophytic fungi from the roots of pepper, cucumber and soybean plants. These fungi were grown on Hagem plates for seven days. The pure cultures were grouped on the basis of colony shape, height and color of aerial hyphae, base color and surface texture \[[@B13-molecules-17-01103]\]. The culture filtrate (CF) of these different endophytes was assayed on *Waito-C* and Dongjin-byeo rice seedlings to differentiate between growth stimulatory or inhibitory strains. The effect of CF on shoot growth and biomass of dwarf *Waito-C* and Dongjin-byeo rice seedlings were recorded after a week of treatment and the data is given in [Table 1](#molecules-17-01103-t001){ref-type="table"}. In growth promoting strains, the CF of GMH-1B and TH-3B significantly stimulated the growth of both *Waito-C* and Dongjin-byeo as compared to sole water (DW) treated rice. In the inhibited strains, the CF of CAC-1A significantly suppressed the shoot growth and rice seedling's biomass as compared with other strains as well as the water applied control rice seedlings ([Table 1](#molecules-17-01103-t001){ref-type="table"}).

molecules-17-01103-t001_Table 1

###### 

Effect of culture filtrate of isolated endophytes on the growth of rice seedlings.

  Endophyte      *Waito-C*    Dongjin-byeo                  
  -------------- ------------ -------------- -------------- --------------
  Control (DW)   7.6 ± 0.1b   0.5 ± 0.06b    8.8 ± 0.55b    0.4 ± 0.01b
  CAC-1A         6.3 ± 0.1c   0.2 ± 0.1c     7.1 ± 0.09c    0.2 ± 0.05c
  CSH-5A         7.7 ± 0.2b   0.4 ± 0.05b    8.9 ± 0.34b    0.5 ± 0.05b
  GMH-1B         8.6 ± 0.7a   0.8 ± 0.05a    11.8 ± 0.43a   0.7 ± 0.08b
  TH-3B          8.5 ± 0.7a   0.8 ± 0.09a    11.1 ± 0.17a   0.85 ± 0.09a
  CAC-1C         7.5 ± 0.2b   0.8 ± 0.09a    9.1 ± 0.77b    0.8 ± 0.07a

DW = distilled water. In each column, the different letter indicates significant (*p* \< 0.05) difference as evaluated by Duncan's Multiple Range Test (DMRT). (±) standard deviation (SD) (*n* = 5).

To further specify the effect of CAC-1A, we applied the CF (100 and 500 ppm dissolved in autoclaved DDW) to *Lactuca sativa* (LS) and *Echinochloa crus-galli* (EC) seeds. The rate of seed germination was recorded. The CF of CSC-5A and GMH-1B revealed 100% germination of both the seeds at 100 and 500 ppm. In case of CAC-1C and TH-3B, though all seeds (LS and EC) germinated at 100 ppm, however, at 500 ppm, the seed germination rate was 80% for both the strains ([Figure 1](#molecules-17-01103-f001){ref-type="fig"}). The CF of CAC-1A presented significant inhibitory effects to the germination of EC compared to LS. At 100 ppm, all seeds of LS germinated, however, EC seeds were suppressed at the same concentrations. Conversely, at 500 ppm, 80% of LS seeds germinated while the EC seeds were significantly suppressed and no germination was observed in comparison with the control treatments.

![Effect of culture filtrate application of selected endophytic fungal strains on the germination of *Lactuca sativa* (LS with 100 and 500 ppm) and *Echinochloa crus-galli* (EC with 100 and 500 ppm) seeds. The '\*' indicates that values are significantly different (*p* \< 0.05). The error bars represents ± SD (*n* = 3).](molecules-17-01103-g001){#molecules-17-01103-f001}

CAC-1A, CAC-1C and TH-3B were thus selected for further ethyl acetate fractionation. After solvent-solvent partition, the resultant extracts were analyzed for their effects on seed germination of LS and EC. Two concentrations, 100 and 500 ppm were used to perform the bioassay. According to results, CAC-1A showed significantly higher inhibitory effects in comparison to TH-3B and CAC-1C and controls. The results of CAC-1A showed that at 100 ppm, the germination rate of both, LS and EC, was 20% as compared to control, while at 500 ppm, no seeds were germinated ([Figure 2](#molecules-17-01103-f002){ref-type="fig"}). The EC and LS seeds have same inhibitory response towards germination as compared to control.

![The effect of ethyl acetate extract of three fungal strains on the germination of *Lactuca sativa* (LS with 100 and 500 ppm) and *Echinochloa crus-galli* (EC with 100 and 500 ppm) seeds.The '\*' indicates that values are significantly different (*p* \< 0.05). The error bars represents ±SD (*n* = 3).](molecules-17-01103-g002){#molecules-17-01103-f002}

Based on the significant results of CAC-1A, the DNA was extracted from the freeze-dried mycelia and ITS (18S rDNA) region was sequenced. Phylogenetic analyses were carried out of similar sequences using MEGA 4.0 \[[@B14-molecules-17-01103]\] and a maximum parsimony (MP) consensus tree was constructed from 13 (12 references and 1 clone) aligned partial sequences with 1 K bootstrap replications. Selected strains were run through BLASTn (BLAST nucleotide) search presenting highest sequence homology proportion and query coverage, and lowest E values. Results of BLASTn search revealed that CAC-1A has 99% sequence homology with *Paraconiothyrium* sp. In MP dendrogram, CAC-1A formed 58% bootstrap support with *Paraconiothyrium* sp. ([supplementary Figure 1](#app1-molecules-17-01103){ref-type="app"}). On the basis of sequence homology and phylogenetic analysis results, isolate CAC-1A was identified as a new strain of *Paraconiothyrium* sp. LK1. The sequence was submitted to NCBI GenBank and was given accession No. JQ288104.

Since the bioactivity of *Paraconiothyrium* sp. was significant, therefore, it was subjected to column chromatography and further fractionated into six different fractions (see Experimental). Bioassay of all fractions was performed using the same 100 and 500 ppm concentrations as we used for screening. The bioassay results showed that fractions 3 and 4 were more bioactive in comparison with other fractions and control ([Figure 3](#molecules-17-01103-f003){ref-type="fig"}). However, all seeds germinated at all concentrations.

![Effect of fraction 3 (500 ppm concentration) on the seed germination of LS (*n* = 5).](molecules-17-01103-g003){#molecules-17-01103-f003}

After obtaining significant bioassay results from fraction 3, it was selected for further purification through HPLC. The HPLC chromatograph showed a prominent peak of compound **1**. The ^1^H-NMR, ^13^C-NMR and GC/MS data shows that compound **1** is ascotoxin as previously reported by Vurro *et al*. \[[@B15-molecules-17-01103]\], Ritzenthaler *et al*. \[[@B16-molecules-17-01103]\], Wang *et al*. \[[@B17-molecules-17-01103],[@B18-molecules-17-01103]\]. The ascotoxin was subjected to bioassay and the results showed that it is significantly inhibitory to the germination of EC seeds ([Figure 4](#molecules-17-01103-f004){ref-type="fig"}).

![Effect of compound **1** on the growth of EC seeds (*n* = 3).](molecules-17-01103-g004){#molecules-17-01103-f004}

In the present research work, we isolated the known, phytotoxic compound ascotoxin (**1**). The bioactive compound has also been variously known as brefeldin A, decumbin, cyanein and sinergisidin \[[@B15-molecules-17-01103],[@B16-molecules-17-01103],[@B17-molecules-17-01103],[@B18-molecules-17-01103]\]. It is a 16-membered macrolide antibiotic which had previously been isolated from a number of fungal genera: *Alternaria*, *Ascochyta*, *Penicillium*, *Curvularia*, *Cercospora*, and *Phyllosticta* \[[@B15-molecules-17-01103]\]. It was also reported as brefeldin A from *Paecilomyces* sp. and *A. clavatus*. Ascotoxin (**1**) is a lactone antibiotic produced by fungal organisms such as *Eupenicillium brefeldianum*. Wang *et al*. \[[@B18-molecules-17-01103]\] assessed the effects of brefeldin A (BFA) on pollen tube development in *Picea meyeri* using ﬂuorescent marker FM4-64 as a membrane-inserted endocytic/recycling marker, together with ultrastructural studies and fourier transform infrared analysis of cell walls. BFA inhibited pollen germination and pollen tube growth, causing morphological changes in a dose-dependent manner, and pollen tube tip growth recovered after transferring into BFA-free medium. Ascotoxin has several important bioactive activities, including antifungal, antiviral and anticancer properties \[[@B19-molecules-17-01103]\]. It can even be used in weed management \[[@B15-molecules-17-01103]\]. Furthermore, such metabolites, like those of the remaining fractions are useful for weed management, and, consequently, the search of more metabolites should be active. In this study, it is demonstrated that compound **1** may play an important role in the regulation of the weed-plant species.

3. Experimental
===============

3.1. General
------------

The ^1^H and ^13^C-NMR spectra were recorded in CD~3~OD using TMS as internal standard on a Bruker spectrometers operating at 400 and 500 MHz. The chemical shift values are reported in ppm (*δ* ) units and coupling constant (*J*) in Hz. For GC/MS an Agilent, 7890A-5975C with MSD equipped with JMS-HX-110 with data acquisition system and JMS-DA 500 mass spectrometer was used. High performance liquid chromatography was performed on a Shimadzu CBM-10 (Tokyo, Japan) instrument with UV/V dectector-SPD-10A, refractive index detector---RID-10A, LC-10A, which was equipped with a reversed-phase column (Luna C18 100A, 4.6 × 250 mm, Phenomenex, CA, USA). Methanol, ethyl acetate and Milli-Q water were used as elution solvents in chromatography. GC/MS was used for mass chromatography by Aligent (5975C; EI scan LOD 1 pg; carrier gas helium; ionization current 315uA, direct injection probe).

3.2. Isolation and Screening of Endophytic Fungus
-------------------------------------------------

We collected pieces of roots of *Capsicum annuum*, *Cucumis sativus* and *Glycine max* field grown plants. The roots were surface sterilized with 2.5% sodium hypochlorite (30 min in shaking incubator at 120 rpm) and washed with autoclaved distilled water (DDW) to remove any contaminants, rhizobacteria and mycorrhizal fungi. Pieces of roots (0.5 cm) were carefully placed in Petri-plates containing Hagem media (0.5% glucose, 0.05% KH~2~PO~4~, 0.05% MgSO~4~·7H~2~O, 0.05% NH~4~Cl, 0.1% FeCl~3~, 80 ppm streptomycin and 1.5% agar; pH 5.6 ± 0.2). The sterilized roots were also imprinted on separate Hagem plates to ensure the effectiveness of surface sterilization \[[@B15-molecules-17-01103]\]. Endophytic fungi were isolated according to the method described by Khan *et al*. \[[@B19-molecules-17-01103],[@B20-molecules-17-01103]\]. The newly emerged fungal spots were isolated and grown on potato dextrose agar (PDA) medium under sterilized conditions \[[@B14-molecules-17-01103]\]. Total five different fungal strains were isolated and grown on PDA media. These strains were inoculated in Czapek broth (50 mL; 1% glucose, 1% peptone, 0.05% KCl, 0.05% MgSO~4~·7H~2~O, and 0.001% FeSO~4~·7H~2~O; pH 7.3 ± 0.2) and grown for seven days (shaking incubator 120 rpm; temperature 30 °C) to separate liquid culture medium and fungal mycelia (centrifugation 2,500 *g* at 4 °C for 15 min). The culture medium (culture filtrate-CF, 10 mL) and mycelium (5.4 gm) were immediately shifted to −70 °C freezer and then freeze-dried (Virtis Freeze Dryer, Gardiner, NY, USA) for 4--7 days. The lyophilized CF was diluted with 100 µL of autoclaved DDW, while the mycelia were used for genomic DNA extraction.

Presence or absence of plant growth promoting metabolites in fungal CF was confirmed by performing screening bioassays on mutant rice cultivar *Waito-C* and normal cultivar *Oryza sativa* L. cv. Dongjin-byeo. *Waito-C* has dwarf phenotype while Dongjin-byeo has normal phenotype. For bioassay experiment, rice seeds were surface sterilized with 2.5% sodium hypochlorite for 30 min, rinsed with autoclaved DDW and then incubated for 24 h with 20-ppm uniconazol (except Dongjin-byeo) to obtained equally germinated seeds. Then pre-germinated *Waito-C* and Dongjin-byeo seeds were transferred to pots having water: Agar medium (0.8% w/v) \[[@B19-molecules-17-01103]\] under aseptic conditions. Both the rice cultivars were grown in growth chamber (day/night cycle: 14 h, 28 ± 0.3 °C;10 h, 25 ± 0.3 °C; relative humidity 70%; 18 plants per treatment) for ten days. Ten micro-litter of fungal CF was applied at the apex of the rice seedlings \[[@B20-molecules-17-01103],[@B21-molecules-17-01103]\]. One week after treatment, the shoot length, chlorophyll content and shoot fresh weight were recorded and compared with autoclaved DDW. Upon screening results, bioactive fungal strain CAC-1A was selected for further experiments and identification.

3.3. Identification and ITS rDNA Phylogenetic Analysis
------------------------------------------------------

Genomic DNA was extracted from CAC-1A using the standard method of Khan *et al*. \[[@B15-molecules-17-01103]\]. Fungal isolates were identified by sequencing the internal transcribed region (ITS) of rDNA using universal primers: ITS-1; 5′-TCC GTA GGT GAA CCT GCG G-3′ and ITS-4; 5′-TCC TCC GCT TAT TGA TAT GC-3′. The BLAST search program was used to compare the nucleotide sequence similarity of ITS region of related fungi. The closely related sequences obtained were aligned through CLUSTAL W using MEGA version 4.0 software \[[@B14-molecules-17-01103]\] and a maximum parsimony tree was constructed using the same software. Bootstrap replications (1K) were used as a statistical support for the nodes in the phylogenetic tree.

3.4. Culturing Endophytic Fungi
-------------------------------

Endophytic fungal strain, CAC-1A, CSC-5A, GMH-1B, TH-3B and CAC-1C were grown initially in Czapek broth (200 mL, 1% glucose, 1% peptone, 0.05% KCl, 0.05% MgSO~4~·7H~2~O, and 0.001% FeSO~4~·7H~2~O; pH 7.3 ± 0.2) for 7 days at 30 °C at 120 rpm. The culture filtrate of each fungus was screened on lettuce (*Lactuca sativa=* LS) and *Echinochloa crus-galli* (EC) seeds. Upon significant results, CAC-1A was selected for further analyses and studies. The Czapek culture broth containing conidia of the strain were transferred to 5 liters of Czapek broth. The broth was kept for 30 days in shaking incubator (30 °C at 200 rpm). After incubation, the supernatant and fungal mycelia were separated through centrifugation (at 5,000 *g* at 4 °C for 15 min). The supernatant was subjected to bioassay-guided isolation and mycelia were used for re-identification of the fungal strain.

3.5. Extraction and Isolation
-----------------------------

The CF was assayed for the inhibiting or promoting effect on the LS and EC seeds. Upon bioactive results of CAC-1A, TH-3B and CAC-1C, the filtrated supernatant was further extracted with an equal volume of ethyl acetate (EtOAc) three times to obtain an extract. The EtOAc extract of the CF of each strain was assayed for seed germination effects. Endophyte CAC-1A showed significant activity and the 30 days grown 5 liter culture was extracted with EtOAc three times to obtain a crude gummy extract (2.4 g). The extract was chromatographed on Luna C18 100A column (250 mm × 4.60 mm, 5 μm; Phenomenex, Torrence, CA, USA) using 60:30 MeOH in water, 100% MeOH, 60:30 MeOH in EtOAc and 100% EtOAc eluent. All six fractions were bio-assayed for their germination against both the indicator seeds. Fractions 3 (100% MeOH) and 4 (60% MeOH in EtOAc) were found to be bioactive against the germination of both the seeds. Fraction 3 (20-µL concentrated to 100 mg) was further chromatographed by HPLC using 100% MeOH (A) and water with 5% acetic acid (B) with 0--20 min (50% A); 20--40 min (80% A); 40--60 min (100% A) at a flow rate of 1.5 min/mL. The HPLC analysis provided compound **1** whose structure was elucidated and characterized using NMR and GC/MS techniques.

3.6. Inhibitory Bioassay
------------------------

Two different concentrations of 100 and 500 ppm of each fraction of EtOAc extract were prepared by dissolving it in 1% DMSO or DW. Initial concentration was 1,000 ppm. A glass dish of 27 mm diameter with a lid and a filter paper (27 mm ø, Type Roshi Kaisha, Ltd., Tokyo, Japan) was used in the glass dish. The dilutions were applied on the filter paper and thus allowed to spread over it. Five to seven LS or EC seeds were placed on it and the dishes were sealed and packed for incubation for 72 h at room temperature. The control has only DDW or 1% DMSO solution. The experiment was repeated thrice. For each fraction, mean, SD variance \[[@B11-molecules-17-01103]\] and standard error were calculated to determine inhibition pattern.

3.7. Statistical Analysis
-------------------------

The significant differences among the mean values of various treatments were determined using Duncan's multiple range tests (DMRT) at *p* \< 0.05 using Statistic Analysis System (SAS 9.1, San Diego, CA, USA). To identify significant effects, the Student's *t*-test of mean values was carried out using Graph Pad Prism software (version 5.0, San Diego, CA, USA).

4. Conclusions
==============

Bioassay guided isolation from endophyte *Paraconiothyrium* sp. resulted in purification of phytotoxic compound ascotoxin (**1**). The compound suppressed the growth of *Echinochloa crus galli* seeds.
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